Species with higher basal metabolic rates have higher plasma phosphate concentrations [1] . Various observations in renal cell systems support the hypothesis that changes in the cytosolic demand for inorganic phosphate may participate in the selfregulation of phosphate transport [2] . This review will focus mainly on the observations that suggest this possibility and on some of the novel mechanisms by which this could occur.
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Historically, isolated perfused or nonperfused proximal renal tubules have been useful in delineating some of the relationships between phosphate transport and phosphate metabolism. The usefulness of this and associated systems relates to the ability to control the ambient fluid environments, assess the major work function of sodium transport, and the major hioenergetic events of oxygen consumption and mitochondrial respiration [3] .
Intracellular distribution of phosphate
Values for intracellular inorganic phosphate activity are difficult to determine because of the high content and rapid turnover of various organic phosphates, but estimates from 31P nuclear magnetic resonance indicate values of about 0.7 to 1.0 m or about 30% of values determined chemically [4] [5] [6] [7] . The absence of adequate fluorometric or other ion-sensitive methods to measure intracellular inorganic phosphate and the dynamic relationship between organic and inorganic phosphates preclude accurate or meaningful estimates of inorganic phosphate concentrations in intracellular compartments.
Quantitative electron probe x-ray microanalysis coupled with computer-controlled imaging of subcellular compartments provides measurements of elemental phosphorus (P) along with Na, K, Ca, Mg, Cl and S in suspensions of proximal tubules isolated from rabbit kidneys [8, 9] . Of the elements detected, P is second in content only to K. Under basal conditions, the dry weight content of total elemental P is slightly lower in mitochondria than in the cytoplasm; it is about 45% higher in the nucleus [8] .
Na7K ATPase inhibition with ouabain or mitochondrial uncoupling with carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) increases cytosolic Na and decreases cytosolic K dramatically and reduces mitochondrial P by 10 to 20% without detectable changes in cytosolic values. Although both ouabain and FCCP decrease mitochondrial P, ATP content is reduced only by © 1996 by the International Society of Nephrology FCCP. Anoxia for 40 minutes decreases the P content of both cytoplasm and mitochondria [9] . These observations show that although some intracellular shifts can be detected, the most recent and technically sophisticated approaches to subcellular phosphate quantification remain woefully inadequate because of their inability to distinguish inorganic from organic phosphates.
Metabolic requirement for inorganic phosphate
Inorganic phosphate is involved in glycolysis and oxidative phosphorylation, the two major sources of ATP. In glycolysis, phosphate is a substrate for glyceraldehyde-3-phosphate dehydrogenase and stimulates the activities of hexokinase and phosphofructokinase. In oxidative metabolism, phosphate participates in the phosphorylation potential, ATP/ADP x Pi. If cytosolic phosphate concentration decreases below some critical value, the rates of glycolysis and oxygen consumption should be inhibited.
A series of studies in isolated proximal tubules from rabbit kidneys tested the possibility that phosphate absorbed from the luminal surface might be directly involved in maintaining the adequate availability of intracellular phosphate [10, 11] . The studies showed that if isolated proximal convoluted tubules were perfused with phosphate-free intraluminal fluid from the time of initial perfusion, net sodium transport was eliminated and only partially restored by subsequent perfusion with phosphate-containing fluid for up to one hour [10] . Remarkably, these events occur in spite of 2 m phosphate in the bathing medium. These observations are consistent with the possibility that phosphate entering from the luminal but not basolateral surface participates directly in the energetics of the sodium-dependent processes that mediate phosphate uptake.
Related observations showed that if phosphate is absent from the lumen but the transport or metabolism of glucose is inhibited, net sodium transport is preserved [10] . Inhibition of glucose transport with phiorizin, or replacement of glucose with alpha methyl-D-glucopyranoside, or inhibition of glycolysis with 2-deoxyglucose each protected tubular function from limited phosphate availability. Using net sodium absorption as the energydependent work function, related studies [12] showed that perfusion with phosphate-free fluid combined with high rates of glucose delivery impaired sodium transport but this impairment was not observed during perfusion with phosphate-free fluid and lower glucose delivery (Fig. 1) .
Time, minutes Glycolysis and oxidative phosphorylation compete for phosphate when its availability is limited. In suspensions of rabbit cortical tubules prepared in the absence of glucose, oxygen consumption rates decrease about 50% if glucose is added in the absence of phosphate, but no depression occurs with the addition of alpha methyl-D-glucopyranoside, which is transported but not metabolized [12] . This reduction in oxygen consumption occurs even in the presence of mitochondrial uncouplers and thus reflects impairment in mitochondrial respiration rather than only oxidative phosphorylation. Collectively, these studies indicate that the uptake of intraluminal phosphate represents a major source for intracellular phosphates, organic and inorganic, that are formed during the metabolism of transported glucose, and that glucose metabolism and mitochondrial respiration compete for limited available phosphate.
One implication of the preceding studies is that under certain conditions the proximal convoluted tubule might be substratelimited with regard to inorganic phosphate entering via the luminal brush border. Titration studies in rabbit proximal tubules show that mitochondrial respiration increases as the ambient phosphate concentration is increased from zero to 4 m (Fig. 2) . Half-maximal respiration occurs at 0.8 m phosphate [12] , a value similar to the cytosolic activity of inorganic phosphate as estimated by 31P NMR. By implication, cytosolic phosphate concentrations in this range could influence the rate of oxidative
phosphosylation.
These studies demonstrate that the absence of inorganic phosphate markedly reduces sodium transport and oxygen consumption by isolated proximal tubules and that these effects can be prevented by inhibition of phosphate-consuming processes such as glucose metabolism. Similar phenomena have been described previously in other tissues as the Crabtree effect. Although the precise mechanism by which limited availability of inorganic phosphate may inhibit mitochondrial function remains uncertain, there are a number of possibilities. Limited phosphate availability could impair the mitochondrial uptake of substrates whose transport is coupled directly or indirectly to phosphate. Some support for this possibility derives from the observations that mitochondna! substrates such as succinate, malate, citrate, and glutamate partially restore the transport function of phosphate-limited tubules [13] . Alternatively, limitations on phosphate availability may impair the maintenance of the mitochondria! membrane potential.
Interactions between phosphate transport and oxidati've metabolism Phosphate transport in the proximal tubule occurs by secondary active transport that depends on primary active sodium transport mediated by Nat/K ATPase [14, 15] . This overall mechanism depends importantly on oxidative metabolism. Graded reductions in net sodium transport induced by mitochondrial inhibitors or by gradual replacement of intraluminal sodium cause strikingly proportional reductions in phosphate transport [11, 16] . This tight coupling between the transport of sodium and phosphate is not attributable to sodium-phosphate cotransport per se because phosphate transport is linked to such a small fraction of sodium transport. Instead, these observations have focused interest on the coupling between phosphate transport and mitochondrial metabolism.
Insight into a possible special relationship between phosphate and not directly to the inhibition of phosphate uptake [11] . To the extent that arsenate traces the intracellular path followed by phosphate, these observations indicate that phosphate entering from the luminal surface interacts with mitochondrial metabolism. Graded reductions in oxidative metabolism by other mitochondrial uncouplers or inhibitors of mitochondrial electron transport such as rotenone or antimycin A also cause proportional reductions in phosphate and net sodium transport, with lesser changes in glucose transport [20] . Conversely, if substrates preferred for renal oxidative metabolism are provided to proximal tubules in vitro, phosphate transport is increased. Succinate, butyrate, and other short-chain fatty acids such as valerate increase phosphate transport in proximal convoluted tubules by 40 to 110% when added to the bathing medium at 1 mvt [13] . This enhancement of phosphate transport occurs without detectable increases in net sodium or glucose transport and is independent of changes in gluconeogenesis [13] . The slope of the regression between changes in net sodium and phosphate transport indicates tighter coupling between these two processes than between sodium and glucose transport [16, 18] . These studies indicate that phosphate transport has a linkage with renal oxidative metabolism that extends beyond common involvement with sodium transport.
Mechanisms by which phosphate metabolism may interact with transport
The most obvious mechanism by which transported phosphate may interact with the metabolic processes which effect its translocation is via interaction with energy production by glycolysis in the cytoplasm and oxidative phosphorylation in mitochondria. The basic concept of energy production by mitochondria is that oxidations at three major sites along the electron transport chain are obligatorily linked to the generation of a proton gradient across the inner mitochondrial membrane, This energy gradient is coupled to the synthesis of ATP through the F0F1 enzyme complex and to the translocation of substrates including ADP and phosphate. Some details of the regulation of oxidative phosphorylation in epithelia and neuromuscular tissues under changing conditions of work load remain controversial. The major and prevailing concepts derive from Chance and Williams [21] who proposed that the energy state of mitochondria relates mainly to changes in ADP concentration or ATP/ADP ratio. It is less clear to what extent local changes in phosphate concentration may affect oxidative phosphorylation. Increased skeletal muscle activity is associated with increased intracellular phosphate from about I m to about 20 mivi [6, 7] . Increases of this magnitude can shift flux control among oxidative phosphorylation enzymes, although the sum of their overall activity may remain unchanged [22] . Such dramatic changes in intracellular phosphate are not likely to occur physiologically in proximal renal tubule cells [2] .
More recent studies have brought forth the possibility of at least two other potential mechanisms which involve energetics but less directly. First, studies in Madin-Darby canine kidney (MDCK) cells show significant effects of short-term energy depletion on the functional integrity of epithelial tight junctions [23] . These were assessed in terms of the "gate" function which restricts the permeation of ions and nonelectrolytes through the intracellular space, and the "fence" function which maintains the apical and hasolateral plasma membrane polarity. Reduction in the ATP/ ADP ratio by inhibition of glycolysis with 2-deoxyglucose or by inhibition of mitochondrial respiration with antimycin A, rapidly lowered transepithelial electrical resistance by 95% and more than doubled transepithelial inulin flux. Associated morphologic studies showed no change in the immunofluorescent distribution of ZO-1, a tight-junction-associated protein, or in the number or geometric complexity of tight junction strands assessed by freezefracture electron microscopy. These data show that short-term energy depletion markedly impairs the "gate" function mediated by the paracellular junctions of this epithelial barrier. The "fence" function was assessed by the distribution of a fluorescent analogue of phosphatidylcholine, which is confined mainly to the outer leaflet of these cells. Energy depletion did not affect the distribution of this lipid marker and thus provides no evidence of disruption in the fence function. These studies demonstrate that interference with cytoplasmic or mitochondrial energy sources can affect transport events by alterations in membrane structure as well as effects on primary active transport.
Impaired energetics may also augment gene transcription. In a series of studies of cloned liver cells, Ismail-Beigi et al [24] [25] [26] [27] showed that inhibition of ATP production by cyanide or azide increased the Vmax for facilitated glucose uptake and increased glycolysis [24] . This occurred in two phases: an early phase of rapid uptake over the first two hours and a later, slower phase over 8 to 24 hours [25] . During the early phase, glucose uptake increases 12-fold associated with markedly increased expression of the GLUT-i transporter without changes in mRNA content for GLUT-i or GLUT-2. Various experimental approaches failed to provide evidence for any major increases in GLUT-i sites in the plasma membrane. The early, rapid increase thus appears to be related to activation of GLUT-i transporters pre-established in the plasma membrane rather than through the insertion of new ones [27] . The mechanisms by which dormant membrane transporters may be activated are unknown, but the principle seems to be established.
In the later phase, glucose uptake increases an additional oneto twofold and is associated with progressive increments in GLUT-I and GLUT-2 mRNA content [27] . Nuclear run-on assays show that GLUT-i gene transcription increases two-to threefold after four hours [26] . GLUT-i mRNA turnover decreased without changes in poly(A+)RNA. These studies show that the progressive increases in GLUT-i expression in the later phase are mediated by increased gene transcription and by specific stabilization of GLUT-i mRNA.
Corresponding studies need to be done for the phosphate transport proteins [15] . One of the most remarkable and consistent observations in the study of phosphate transport and metabolism is the capacity for various cells to increase their phosphate transport with exposure in vivo or in vitro to reduced phosphate availability. This is particularly observed in the kidney where the maximum transport capacity varies and adapts profoundly in response to the recent dietary intake of phosphate [28] [29] [30] [31] [32] [33] . Figure   3 shows a sample representation of this phenomenon by which phosphate restriction enhances and high phosphate diets reduce the intrinsic capacity of the kidney to reabsorb phosphate [29] . This adaptation occurs independent of known phosphate regulatory hormones [30] [31] [32] [33] . It is reasonable to hypothesize that mechanisms similar to those described above for glucose may also apply to phosphate uptake. In summary, there are two prominent features of phosphate transport and metabolism that remain unexplained and may be directly associated. First, inorganic phosphate in the process of being transported across the proximal renal tubule interacts directly and indirectly with the bioenergetic processes that effect its translocation. Second, when exposed to reduced phosphate availability in vivo or in vitro, phosphate-transporting cells augment their phosphate absorptive capacity in a pattern similar to that observed for glucose uptake in metabolically inhibited liver cells. The potential mechanisms for linking these phenomena remain only loosely configured, but portray a concept by which increased cellular demand might activate Na-Pi transport proteins in the plasma membrane and increase their gene transcription.
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